Abstract: In this paper, the results obtained in the synthesis of thioamides and a-ketothioamides by a modification of the Willgerodt-Kindler reaction, under solvent-free and noncatalyst conditions using IR energy as a source of activation, are presented. The use of IR energy in these reactions has been shown to lead to a mixture of thioamide and a-ketothioamide as the main products in most cases, with the latter predominating. The yields of a-ketothioamides from most of these reactions are better than those reported previously. To the best of our knowledge, this is the first time that IR energy has been applied to promote the Willgerodt-Kindler reaction.
Introduction
Thioamides are among the most extensively studied chalcogen-containing compounds. They are known to demonstrate biological activity, 1 are used as synthetic intermediates in organic chemistry, 2 have been found in natural products, and have many applications in materials science and industrial processes. 3 They are also employed as insecticides 4 because they are well tolerated by plants and have low toxicity in higher animals, and they are used in medical applications, for example, in tuberculosis treatment, 5 as painkillers, 6 and as antioxidants. 7 Currently, it is possible to find several methods for the synthesis of thioamides, most of which employ Lawesson's reagent. 8 However, there are also publications concerning the Willgerodt-Kindler method for the generation of these compounds, 9 but this method has some limitations, i.e., long reaction times are required and low yields are achieved. This reaction is characterized by the use of alkyl aryl ketones or aldehydes, elemental sulfur, and amines, with morpholine being the most commonly used amine. When ketones are used in this methodology, the carbonyl group is reduced to a methylene group and the terminal methyl group is oxidized to a thiocarbonyl group (I, Scheme 1).
Previous studies using thermal energy for the activation of reactions have yielded some unexpected results, with the most common problem being the failure to reduce the carbonyl group in the alkyl aryl ketone used, leading to the formation of the a-ketothioamide II as a reaction byproduct. Dauben and Rogan, 10 Harris et al. 11 Harrowven and Lucas, 12 and Liu et al. 13 encountered this problem and generated II in yields of 3%-20% when using reaction times of 8-24 h. In these reports, the reactions were performed at reflux, in the absence of solvent, employing acetophenones, elemental sulfur, and morpholine. However, the methodology developed in these studies cannot be considered to be a general synthetic route to a-ketothioamides II, because this unexpected product of the Willgerodt-Kindler reaction was only generated in isolated cases.
Other published routes to a-ketothioamides have employed a-chloroketones, 14 a-oxonitryl, 15 thioacetomorpholides, 16 pinacolone (3,3-dimethyl-2-butanone), 17 a-chlorosulfonyl and trisulfane intermediates, 18 or N,N-(dialkyl)aroylmethylamines. 19 However, like the Willgerodt-Kindler reaction, these methodologies are not general for the synthesis of aketothioamides. The reaction conditions employed are also dangerous or require expensive reagents and long reaction times. In general, thermal energy is used as the activation source for the Willgerodt-Kindler reaction. The use of alternative energy sources such as ultrasound 20 and microwaves 21 has recently been explored, and microwave activation has attracted particular attention. To the best of our knowledge, however, the use of IR energy as an activation source for the Willgerodt-Kindler reaction has not yet been reported. IR energy has been demonstrated to be useful in organic synthesis, 22 and has been used in the synthesis of 1,3,5-trioxanes from aldehydes, 23 in the Biginelli 24 and Knoevenagel 25 reactions, and for the synthesis of diindolylmethanes 26 and 3,4-dihydro-2(1H)-pyridones. 27 When investigating the synthesis of 3-caprolactam from cyclohexanone and hydroxylamine using bentonic clay under solventless conditions, we explored the use of several energy sources for activation of the reaction and found that IR energy performed better than thermal, microwave, or ultrasound energies. 28 
Results and discussion
We set out to explore the use of IR energy for the activation of the Willgerodt-Kindler reaction, employing acetophenone, elemental sulfur, and morpholine. After extensive experimentation, we found that a stoichiometric ratio for the starting materials of 1:1:1, solvent-less conditions, and irradiation with IR energy at a wavelength of 1100 nm (near-IR) for 1 h at 100°C 29 were optimal conditions for the generation of the corresponding a-ketothioamide. In this way, the desired product was obtained exclusively in 56% yield.
This result encouraged us to study the reaction using other acetophenones and amines, to establish this method as a general route to synthesize a-ketothioamides 3 (Scheme 2).
We found that, under these conditions, this reaction ensured that the a-ketothioamides 3a-3h (Table 1) were generated as the main products in most cases, and the yields were higher than those obtained (3%-20%) by other synthetic methods previously reported in the literature. The WillgerodtKindler products 4a-4h were also detected in yields ranging from 0%-42% as a second product. Thus, with the methodology employed in this work, the outcome of the WillgerodtKindler reaction can be regarded as unclassical.
The products 3a-3h were obtained in yields close to or higher than 50%, although when 2-methylpiperidine was used as the amine, a yield of only 20% was obtained, which may be attributed to steric factors. In entries 1-5 of Table 1 , the products were synthesized from unsubstituted acetophenone, and the amine used was either morpholine, piperidine, or methylated regioisomers of the latter.
When the reaction was carried out with p-chloroacetophenone, a crystalline product was formed, and a single crystal could be used for X-ray diffraction study 30 (Fig. 1) .
It is important to mention that the low yields of 3 shown in entries 7 and 8 in Table 1 were due to a competitive S N Ar reaction resulting in the formation of p-morpholino-or p-(1-piperidinyl)acetophenone 31 in yields of 20% and 19%, respectively, along with the corresponding thioamides from the Willgerodt-Kindler reaction, compounds 4g and 4h (Scheme 2; Table 1 ).
We also studied the reactions leading to the synthesis of 3a-3h at room temperature, to determine the influence of temperature and energy source on their outcomes. The reactions were monitored for 48 h by TLC, and the conversion percentages were measured by gas chromatography coupled with mass spectrometry (Table 2 ). More than 50% of the acetophenone remained unreacted in some cases ( Table 2 , entries 7 and 8), and the behavior of these reactions was similar when IR energy was used. These results clearly demonstrated that the reactions proceeded better when activated with IR energy than when conducted at room temperature, and established the importance of IR energy in the synthesis of a-ketothioamides 3. The formation of 4a-4h was detected and the results are summarized in Table 2 .
To compare the use of thermal conditions and IR energy for the synthesis of a-ketothioamides, we performed the reactions to obtain 3a and 3b under reflux conditions. After 5 h of reaction, with hourly monitoring by TLC, no formation of the corresponding a-ketothioamides could be detected. This behavior is consistent with the reported results by Liu et al. 13 for the reaction employing acetophenone, elemental sulfur, and morpholine at reflux temperature (83-85°C), whereby 3 was obtained in just 3% yield after 20 h of reaction. In contrast, in the present study, the same compound (Table 1 , entry 1) was obtained in 56% yield in a reaction time of 1 h. Moreover, Carmack et al. 32 reported similar reaction conditions to those used in the present paper (100°C, elemental sulfur, morpholine, and solvent-less conditions) for the reaction of linear and cyclic aliphatic ketones, using thermal energy, and obtained only the Willgerodt-Kindler product and carbonyl group isomerization products. Considering all of these results, it is proposed that IR energy is responsible for the synthesis of 3 as the principal product, and not the thermal heating that comes from the lamp employed in this work (see the Supplementary data).
The use of IR energy gives very efficient heat transfer similar to that provided by microwave irradiation because both are electromagnetic waves and the behavior is comparable. The main effect produced by IR energy is thus an overheating in the reaction mixture that favors the formation of 3. Mechanistically, we are in agreement with the reaction mechanism proposed by Darabi et al. 33 
Conclusion
In summary, we have described a new methodology for the synthesis of a-ketothioamides as the principal products, employing a multicomponent reaction activated by IR energy under solvent-less conditions. As far as we are aware, this is the first report of the use of IR energy for activation of the Willgerodt-Kindler reaction. We have established the utility of this method for the generation of a-ketothioamides, a reaction that could not previously be reliably accomplished by the Willgerodt-Kindler protocol when thermal energy was used. In all cases reported in this study, the a-ketothioamides were produced in yields ranging from moderate to good, depending on the substituents on the acetophenone aromatic ring.
This new methodology can be considered as a useful addition to the synthetic organic chemistry tool kit, as, to the best of our knowledge, no method has hitherto been reported to give a-ketothioamides in a one-pot reaction in yields better than those reported here.
Experimental section

General
All reagents were from Sigma-Aldrich and used from its 
IR equipment
The equipment used for irradiation with IR energy was created by employing an empty cylindrical metal vessel in which an Osram lamp (bulb model Thera-Therm, 250 W, 125 V) was inserted. This lamp is special short-wave IR lamp (IR-A) for use in body care and wellness applications, with a maximum radiation at a wavelength of about 1100 nm. The lamp instantly emits a full thermal output as soon as it is switched on. For controlling the temperature, a Digi-Sense variable-time power controller was used. This time controller turned the output load on and off and then repeated the cycle.
Typical procedure for the Willgerodt-Kindler reaction employing IR energy
For the synthesis of 3a, the following were placed in a tube: acetophenone 1a (100 mg, 0.83 mmol), elemental sulfur (27 mg, 0.83 mmol), and amine 2a (73 mg, 0.83 mmol). This tube was then sealed and placed inside of the IR equipment at 3-5 cm above the IR lamp. The reaction mixture was irradiated at a wavelength of 1100 nm with IR energy at 100°C for the appropriate time (30-150 min according to Table 1 ) and monitored using TLC. The products obtained as brown dark oils were purified using preparative plates or flash chromatography with silica gel as a stationary phase and a mixture of hexane -ethyl acetate as a mobile phase; Scheme 2. Synthesis of thioamides from acetophenones, elemental sulfur, and heterocyclic amines. recrystallization processes were not necessary and pure products were characterized by 1 H and 13 C NMR and mass spectrometry. Syntheses of 3b-3h were carried out with the same procedure. Products 4a-4h were isolated and characterized from the mixture of the reactions for the synthesis of 3a-3h.
Typical procedure for the Willgerodt-Kindler reaction at room temperature
For the formation of 3a, elemental sulfur (184 mg, 5.7 mmol) was added to 500 mg (5.7 mmol) of amine 2a, the reaction mixture was stirred for 2 h until the sulfur was completely dissolved in the amine, and then acetophenone 1a (690 mg, 5.7 mmol) was added to the amine-sulfur mixture and stirred at room temperature for 48 h. The reaction was monitored by TLC and the conversion rates were determined by GC-MS. Compounds 3b-3h were obtained, replacing the corresponding acetophenones 1a-1c and amines 2a-2e following the typical procedure for 3a.
2-Morpholino-1-phenyl-2-thioxoethanone (3a) 13, 14, 16 Yield: 109 mg (56%); pale yellow solid, mp 107-109°C. R f (70% Hex/AcOEt): 0.42. 1 H NMR (200 MHz, CDCl 3 , Me 4 Si) d Η : 8.01-7.97 (2H, m), 7.34-7.31 (3H, m), 4.37-4.33 (1H, t, J = 9.8 Hz), 3.76-3.71 (1H, t, J = 9.8 Hz), 3.65-3.60 (1H, t, J = 9.6 Hz), 3.40-3.35 (1H, t, J = 9.6 Hz). 13 1-Phenyl-2-(piperidin-1-yl)-2-thioxoethanone (3b) 14, 19 Yield: 97 mg (50%); pale yellow solid, mp 53-55°C. 2-(2-Methylpiperidin-1-yl)-1-phenyl-2-thioxoethanone (3c) 19 Yield: 42 mg (20%); yellow solid,. mp 65-68°C. R f (90% 
2-(4-Chlorophenyl)-1-morpholinoethanethione (4g)
Yield: 69 mg (42%); yellow solid, mp 125-127°C. R f (73% Hex/AcOEt): 0.31. 1 H NMR (300 MHz, CDCl 3 , Me 4 Si) d Η : 7.30-7.23 (5H, m), 4.34-4.31 (1H, t, J = 9.9 Hz), 4.28 (2H, s), 3.74-3.71 (1H, t, J = 9.9 Hz), 3.61-3.58 (1H, t, J = 9.6 Hz), 3.43-3.40 (1H, t, J = 9.9 Hz). 13 
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